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A new analysis of the hadronic peak cross section at LEP 1 
implies a small amount of missing invisible width in Z decays, 
while the effective weak charge in atomic parity violation has 
been determined recently to 0.6% accuracy, indicating a sig- 
nificantly negative S parameter. As a consequence of these 
two deviations, the data are described well if the presence of 
an additional Z' boson, such as predicted in Grand Unified 
Theories, is assumed. Moreover, the data are now rich enough 
to study an arbitrary extra Z' boson and to determine its cou- 
plings in a model independent way. An excellent best fit to 
the data is obtained in this case, suggesting the possibility 
of a family non-universal Z' with properties similar to ones 
predicted in a class of superstring theories. 
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Neutral gauge structures beyond the photon and the Z 
boson have long been considered as one of the best mo- 
tivated extensions of the Standard Model (SM) of elec- 
troweak interactions. They are predicted in most Grand 
Unified Theories (GUTs) and appear copiously in super- 
string theories. Moreover, in the context of supersym- 
metry, they do not spoil the observed approximate gauge 
coupling unification (as predicted by the simplest and 
most economic of these theories); in many models (but 
not the simplest SO(10) ones), the enhanced 1/(1)' gauge 
symmetry forbids an elementary bilinear Higgs p-term, 
while allowing an effective /i to be generated at the scale 
of U(l)' breaking without introducing cosmological prob- 
lems M. In many string-motivated models of radiative 
breaking, this scale is comparable to the electroweak scale 
(i.e., less than a TeV) M, thus providing a solution to the 
/i-problem [0, and enhancing the prospects to possibly 
detect it in high energy collisions or to find its effects on 
electroweak precision data. Yet, neither searches at the 
Tevatron , nor recent analyses of precision data p],0 , 
yielded evidence for the extra neutral Z' boson associ- 
ated with the U(l)', and stringent bounds on its masses 
and mixings were set. 

Following the publication of our recent analysis Q] the 
contributions of 0(a 3 ) to initial state radiation have been 
incorporated into the Z lineshape analysis at LEP and 
the theoretical luminosity uncertainty reduced. The new 
Z lineshape fit [|6| (which includes new experimental in- 
put, as well) yields a significantly larger and more precise 
value for the hadronic peak cross section, Chadi imply- 
ing, e.g., for the effective number of massless neutrinos, 
N v = 2.985 ± 0.008, which is 2a below the prediction of 
3 standard neutrinos. Therefore, the data favors types of 



new physics which can mimic a negative contribution to 
the invisible Z decay width. 

The effective weak charge, Qw, m atomic parity viola- 
tion can be interpreted as a measurement of the 5 param- 
eter, with very little sensitivity to the other oblique pa- 
rameters, T and U, all of which parametrize new physics 
effects due to vector boson self-energies R. Extra Z 
bosons are not of the pure oblique type, but in the ab- 
sence of new contributions to the po parameter (or equiv- 
alently to T) they mimic 5 < if the boson masses sat- 
isfy Mz> > Mz |J ■ The Qw determination for Cs || has 
been improved recently to the 0.6% level by measuring 
the ratio of the off-diagonal hyperfine amplitude (which is 
known precisely |10[| ) to the tensor transition polarizabil- 
ity |p.l| . As a result, the theory uncertainty was reduced 
significantly and the new Qw(Gs) — —72.06 ± 0.44 is 
found to be 2.3er above the SM prediction. 

These two developments necessitate the present update 
of our analysis in Ref. M , partly reversing our previous 
conclusions. The fit to the new precision data improves 
upon the introduction of certain Z' bosons, among them 



the Z x , denned by 5O(10) 



517(5) x U(l) x . 



Most of 



the utilized data were presented at the International Eu- 
rophysics Conference on High Energy Physics at Tam- 
pere. For more details and references we refer to the 
update in Ref. E3|. Our analysis is based on the FOR- 
TRAN routines GAPP WM including a minor update: 
for the model-independent fits it is important to express 
the hadronic charge asymmetry directly in terms of the 
Z width ratios, R q = T(qq)/T(£ q qq) = T(qq)/T(h&d), 
and the forward-backward asymmetries, 

Q FB = { J2 - J2 ) R i A fb = 0.04092 ± 0.00226. 

q=d,s,b q=u,c 

The U(l)' coupling, g' — \/5/3 smOwVXgy, is de- 
fined in terms of the hypercharge (Y) gauge coupling, 
gy, and the weak mixing angle, 9w, such that A = 1 
if the GUT group breaks directly to 5*7(3) x 5*7(2) x 
P(l)y X P(l)'. A = 1 will be assumed throughout, but 
our limits also apply to vA sin 9 and —%=- for other values 
of A (we always assume Mz 1 ^S> Mz). Since the *7(l) x 
and *7(l)y are orthogonal at the GUT scale, their ki- 
netic mixing term, F' F^ v , is small in minimal models. 
We also assume po = 1, i- e -> om y Higgs doublets and sin- 
glets receive vacuum expectation values (VEVs) . The Z x 
model has then only Mz> and the Z — Z' mixing angle, 



tair 6 = 



Ml 
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M% 



M 2 ' 
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TABLE I. C/(l)' charges of a 27 representation for an ar- 
bitrary Er, bos on. Proper Eg normalization is ob tained by 
dividing by 2^4a/3 + 56/3 + ab + 10/9 + a 2 + 46 2 . The up- 
per half of the Table with b = corresponds to a family in 
SO(10) GUT. a — describes the Eg boson in the absence 
of kinetic mixing. D (D) are exotic (anti)-quarks, while the 
other new states are color singlets. 
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as new parameters, where Mq is the mass of the ordinary 
Z in the absence of mixing. The resulting fit, 

M z > = 8l2±fll GeV, sin(9 = (-1.12 ± 0.80) x 10~ 3 
M H = 



U5±IT GeV, 



0.1233 + 0.0039, 



suggests a TeV scale Z' with small mixing. The lower 
Xmin — 35.35 for 35 degrees of freedom (d.o.f.) compared 
with the SM (x^ in /d.o.f. = 41.88/37) is mostly due to 
the improvement in the predictions for the atomic par- 
ity observables (A% 2 = —5.67), but also in o^ad (A% 2 = 
—2.34). There is little change in the ratios, Ri — r(e + e -\ 
(I = e, fi, r), and the other observables, except that the 
total Z width, Tz, and the W mass, Myy, each contribute 
about 0.7 more to the total % 2 . The improvement in <7had 
is subtle: the Z x causes the total and all partial Z de- 
cay widths to increase, with the exception of the invisible 
width which decreases by about 0.7 MeV. Hence, T(had) 
increases more (1.66 MeV) than Tz (1.15 MeV), imply- 



ing an overall increase in <7had 



12tt r(had)- J 

M'iRa fl 



As can 



be seen from the fit result, the relatively large increase 
in r(had) is caused by an increased value for a s (SM: 
ct s = 0.1192 + 0.0028), in better agreement with expecta- 
tions from supersymmetric GUT. At the same time, the 
Z x does not affect the preference for a light Higgs, again 
in agreement with supersymmetry. The value of a s is, 
however, slightly higher than the current world average, 
a s = 0.1182 + 0.0013 p5[ , from determinations excluding 
the Z lineshape. Including this value as an additional 
external constraint yields a result consistent with van- 
ishing Z - Z' mixing, sinfl = (-0.46 ± 0.60) x 10~ 3 , 
and a smaller decrease in %^/d.o.f. = 36.85/36 (SM: 
Xmin/ d -°- f - = 42.00/38). The characteristics of this fit 
are different than the one before: there is a smaller 
increase in r(e + e _ ) (0.03%) and there is now a small 
decrease in Tz (—0.01%), while T(had) is virtually un- 
changed. As a result Chad is still in better agreement 
than in the SM, but at the expense of larger discrepan- 



TABLE II. Examples of Z' bosons inspired by Eg sym- 
metry. The Z n occurs in Calabi-Yau compactifications of the 
heterotic string if Eg breaks directly to a rank 5 subgroup ]19] 
via the Hosotani mechanism. The Z^ does not couple to lep- 
tons and was originally introduced to explain a temporarily 
observed excess of 6 quark events at LEP [EOl. For the Zlr, 
the values in parentheses are for <?l = Qr; also assumed for the 
alternative LR model fcll, Zalr, which changes the fermion 
assignment, viz. (y, e - ) ^ (N,E~), d<^> D, and T> <^> S. 
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cies in R e (1.5a) and i?, M (1.7c). Recalling that most of 
the a s determinations are dominated by theoretical un- 
certainties, it is clearly important to verify the very tight 
(and intrinsically non-Gaussian) constraint on a s , which 
we believe to be asymmetric with a larger positive error. 
If the Higgs U(l)' quantum numbers, Q' t , are known, 
there will be an extra constraint, 



C = 6 



9yM z , 
Ml 



<]' 






(2) 



where the (<pi) are VEVs, and t&i is the third component 
of isospin. For minimal cases it is given explicitly in 
Table III of Ref. @. In particular, in 5O(10) with light 
Higgs fields from the fundamental 10 representation, C = 
2/y / 10 is predicted, and therefore ~ 5 x 10~ 3 > 0. This 
Higgs structure is strongly disfavored by our results. 

In the Z x model there is no need to introduce exotic 
fcrmions beyond the right-handed neutrino. The ques- 
tion arises what are the most general Z' couplings con- 
sistent with generation-wise cancellation of gauge and 
mixed gauge-gravitational anomalies. The solution can 
be parametrized by the Z x couplings plus a shift pro- 
portional to the right-handed isospin generator, —2al^. 
A non-zero kinetic mixing term |17| cannot affect the 
consistency of the theory, and is therefore equivalent to 
this shift. Also any 17(1)' originating from an 5O(10) 
GUT can be described by a. For example, the Z' ap- 
pearing in left-right (LR) models corresponds to a — 
g%/g L cot 2 9w — 5/3. A fit with a yields a > —0.50 and, 



M z > = 781^24? GeV, sin (9 
M H = 165igf GeV, a s 



(1.23 + 0.89) x 10~ 3 , 
0.1239+0.0045, 



with xLn/d.o.f. = 35.26/34. The 95% CL (A X 2 = 3.84) 
constraint a > —0.81 implies for the LR model gn > 
0.51 gL, to be compared with the consistency requirement 
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FIG. 1. Sinusoidal (Sanson-Flamsteed) projection of a 
hemisphere parametrizing arbitrary E% inspired Z' models. 
Distances along constant j3, the central meridian, and area 
are preserved. Shown are the la and 90% (Ax = 3.04) 
contours allowed by the data. Note, that while the Z$ model 
(mapped to the poles) does not improve the prediction for 
Qw, it gives a very good fit if some kinetic mixing is allowed. 

9r > 0.55 gL |0 from the W sector of these models. 
The LR symmetric case, g^ — gL, yields a lower range 
for a s = 0.1210 ± 0.0032, and xLn/d-O.f. = 36.05/35. 

The Eq group contains also a purely axial-vector Z^ 
boson, defined through Eq — > 5O(10) x 11(1)^. We define 
the most general Eq boson as a linear combination of 
the 5O(10) boson (parametrized by a) and the Z^, via 
introduction of a second parameter, b. Alternatively, 

Z' ~ — cos a cos (3 Z x + sin a cos (3 Zy — sin/3Z^,, (3) 

can be expanded in terms of an orthonormal basis, with 



50 

8 tan/3 
45 sin a 



JS tan ' 



(4) 



The couplings of the states in the 27 are listed in Table |. 
The angles a and (3 parametrize the surface of a sphere 
where opposite points correspond to the same model with 
the opposite sign of 9. Therefore, we can restrict our- 
selves to one hemisphere defined by — ir/2 < a, (3 < ir/2. 
The values of the parameter sets (a, b) and (a, (3) are 
shown for popular cases in Table "J. A fit with both a 
and b allowed yields Xmm/d-O.f. = 34.21/33, and 



M 



H 



131±*f GeV , 



n 1909+0. 0050 

U.1ZOZ_q 0Q46- 



The la contour and the 90% CL allowed region obtained 
by integrating over the hemisphere (giving each point 



FIG. 2. M z i as a function of sin# for an arbitrary Eq 
inspired Z' . The contours correspond to the ones in Fig. gj. 

equal prior probability) is shown in Fig. |l|. The corre- 
sponding contours in Mz> vs. sin# are shown in Fig. |2j. 
The la contour in Fig. |lj shows that a is consistent with 
zero, while b < 0. If we repeat this fit with a — fixed 
(no kinetic mixing), we find a s — 0.1216 ± 0.0036 closer 
to the outside constraint. Including it in the fit yields 



M z , 

M H 
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h673 
-101 
1+57 
L -39 
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2+T ^ GeV, 
IOII39 GeV, 
-1.06" 1 



sin 6 = (0.36 ±0.63) x 10~ 3 , 
a s = 0.1186 ±0.0012, 
Jd.o.f. = 35.58/35. 
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This concludes our discussion of Eq bosons, which con- 
stitute a very well motivated class of cases, both in GUT 
and supcrstring contexts, and many of which significantly 
improve the fit to the precision data. 

A family-universal Z' with otherwise arbitrary cou- 
plings is described by the five charges of the SM multi- 
plets (cf. Table ||), and the mixing angle, 9. Mz 1 cannot 
be determined independently using the precision data, 
and will be fixed to 1 TeV in the following (for other 
values the charges and mixing scale as Mz' and My} , 
respectively). We also employ the a s constraint p5| , 
as otherwise the strong coupling is driven to very low 
and clearly excluded values. The resulting fit is good, 
Xmin/d.o.f. = 31.73/32, and yields the couplings, 
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Stronger mixing is allowed than in the Eq cases, and we 
find the 95% CL bound, 



M z 



sm ( 



< 5.31 x 1(T 3 , 



(5) 



1 TeV 

mainly from Mw- The leptonic couplings, e^ ~ en, as 
well as dpi and 6, all are significantly different from zero 
and strongly correlated. In contrast to the Eq inspired 
cases, the tendency for a light Higgs is lost; instead we 
find Mh > 210 GeV for the ltr ranges above. Another 
family-universal possibility is the sequential Zsm, with 
the same couplings as the Z . For example, this could be 
due to the excited Z states in models with extra TeV- 
scale dimensions. However, the Z^m would yield a larger 
|Qw(Cs)|, increasing the discrepancy with experiment. 

In general, the extra Z boson may not couple in a 
universal way. There are, however, strong constraints 
from flavor changing neutral current processes specifi- 
cally limiting non-universality between the first two gen- 
erations. On the other hand, the third generation is less 
constrained. We therefore treat the first two generations 
as universal, while allowing arbitrary couplings to the 
third. Since the U(l)' charge of the top quark does not 
enter (at tree level), there are four new parameters com- 
pared to the universal fit; we find, 
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and an excellent Xmin/d-°-f- = 25.33/28, while the 
bound (ra) is virtually unchanged. Six of the ten quanti- 
ties are significantly different from zero, and all couplings 
are of similar magnitude and 0(1) (for a TeV scale Z'), 
except for b R which appears surprisingly large (driven 
by the experimental anomaly in the asymmetry param- 
eter Af, at LEP and SLC). It is amusing, however, that 
bR/un — 22.62 is consistent with the prediction (22.67) 
of a closely investigated superstring model J^]^ (based 
on the fermionic construction of the heterotic string). Of 
course, some other predictions fail, but it is important 
to keep in mind that unlike in GUT models, superstrings 
often predict family non-universal Z' bosons with highly 
unconventional coupling ratios. The X^ in is lower by 
— 16.67 for 10 d.o.f. as compared to the SM, which has a 
probability of 8.2% to be due to a fluctuation. 

We therefore conclude, that the data are generally bet- 
ter described if the presence of an extra Z' boson is as- 
sumed. There are many realizations of such a possibil- 
ity, ranging from the standard and much more restrictive 
GUT scenarios to the more exotic bosons as predicted 
in some string models. Of course, a light Z' precludes a 
heavy Majorana neutrino, as is invoked in seesaw mod- 
els and some models of baryogenesis, except in the cases 
that the neutrino (e.g., v or S in Table |) carries no U(l)' 
charge. A Z' with mass < 1 TeV may be directly observ- 
able by its leptonic decays in Run II at the Tevatron, and 



certainly at the LHC. For this mass range, a variety of 
complementary diagnostics of its couplings will be possi- 
ble at the LHC, a future lepton collider, as well as from 
the precision data |0,M- 

Acknowledgements: 
This work was supported in part by the US Depart- 
ment of Energy grant EY-76-02-3071. 



[1] For reviews, see M. Cvetic and P. L angacker, e-print 



[2] 
[3] 
[i] 
[5] 
[6] 

[7] 



M 



[9] 
[10] 

[11] 
[12] 
[13] 

[14] 

[15] 
[16] 
[17] 



[18] 

[19] 
[20] 



[21] 
[22] 



hep-ph/970745l| ; P. Langacker, e-print |hep-ph/9805486 . 
J.E. Kim and H.P. Nilles, Phys. Lett. 138B, 150 (1984). 
CDF: F. Abe et al, Phys. Rev. Lett. 79, 2192 (1997). 
J. Erler and P. Langacker, Phys. Lett. 456B, 68 (1999). 
G.C. Cho et al, Nucl. Phys. B531, 65 (1998). 
J. Mnich and G. Quast for the LEP Collaborations, talks 
presented at EPS-HEP 99, Tampere. 
G. Burgers, F. Jegerlehner, B. Kniehl, and J. Kiihn, in Z 
Physics at LEP 1, CERN 89-08, Vol. 1, 55; M. Peskin and 
T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); G Altarelli 
and R. Barbieri, Phys. Lett. 253B, 161 (1990). 
Implications of a Z' for Qw have been emphasized 
by U. Amaldi et al, Phys. Rev. D36, 1385 (1987); 
W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65, 
2963 (1990); P. Langacker, Phys. Lett. 256B, 277 (1991); 
K.T. Mahanthappa and P.K. Mohapatra, Phys. Rev. 
D43, 3093 (1991); and recently by R. Casalbuoni et al, 
Phys. Lett. 460B , 135 (1999); and J.L. Rosner, e-print 



hep-ph/9907524 



C.S. Wood, et al, Science 275, 1759 (1997). 
M.A. Bouchiat and J. Guena, J. Phys. C49, 2037 (1988). 
S.C. Bennett and C.E. Wieman, Phys. Rev. Lett. 82, 
2484 (1999). 

J. Erler and P. Langacker, Electroweak Model and Con- 
straints on New Physics, in Ref. ILJ. 
C. Caso et al, Eur. Phys. J. C3, 1 (1998) and 1999 off- 
year partial update for the 2000 edition available on the 
PDG WWW pages (URL: |http://pdg.lbl.gov/| ). 
J. Erler, Phys. Rev. D59, 054008 (1999); and GA PP: 



http : //www . physics . upenn . edu^erler /electroweak 
I. Hinchliffe, Quantum Chromodynamics, in Ref. [|13[. 
P. Langacker and M. Luo, Phys. Rev. D45, 278 (1992). 
F. del Aguila, M. Cvetic, and P. Langacker, Phys. Rev. 
D52, 37 (1995); K.S. Babu, C. Kolda, and J. March- 
Russell, Phys. Rev. D57, 6788 (1998), and The Z' 
Searches, in Ref. [ JL3| , 

M. Cvetic, P. Langacker, and B. Kayser, Phys. Rev. Lett. 
68, 2871 (1992). 

E. Witten, Nucl. Phys. B258, 75 (1985). 

F. del Aguila, M. Quiros, and F. Zwirner, Nucl. Phys. 
B287, 419 (1987); K.S. Babu, C. Kolda, and J. March- 
Russell, Phys. Rev. D54, 4635 (1996). 

E. Ma, Phys. Rev. D36, 274 (1987); K.S. Babu et al, 
Phys. Rev. D36, 878 (1987); J.F. Gunion et al, Int. J. 
Mod. Phys. A2, 1199 (1987). 
S. Chaudhuri et al, Nucl. Phys. B456, 89 (1995). 



[23] G. Cleaver, M. Cvetic, J.R. Espinosa, L. Everett, and 
P. Langacker, Nucl. Phys. B525, 3 (1998); G. Cleaver, 
M. Cvetic, J.R. Espinosa, L. Everett, P. Langacker, and 
J. Wang, Phys. Rev. D59, 055005 and 115003 (199 9). 

[24] M. Cvetic and S. Godfrey, e- print [hep-ph/9504216 ; 
A. Leike, Phys. Rep. 317, 143 (1999). 



